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Available online 18 August 2012Abstract Human embryonic stem cells differentiate into gastrula organizer cells that express typical markers and induce
secondary axes when injected into frog embryos. Here, we report that these human organizer cells express DUXO (DUX of the
Organizer), a novel member of the double-homeobox (DUX) family of transcription factors, a group of genes unique to placental
mammals. Both of DUXO's homeodomains share high similarity with those of Siamois and Twin, the initial inducers of the
amphibian gastrula organizer. DUXO overexpression in human embryoid bodies induces organizer related genes, whereas its
knock down hampers formation of the organizer and its derivatives. Finally, we show that DUXO regulates GOOSECOID, the
canonical organizer marker, in a direct manner, suggesting that DUXO is a major regulator of human organizer formation.
© 2012 Elsevier B.V. All rights reserved.Introduction
The mechanism which regulates the organization of the
embryonic body plan was identified nearly a century ago by
Spemann and Mangold, who showed that the dorsal lip of the
amphibian gastrula induces the anterior–posterior (A–P) axis
of the embryo (Spemann and Mangold, 2001). Accordingly,
this group of cells was termed “the organizer”. Two of the
major regulators of the amphibian organizer are Siamois and
Twin (Laurent et al., 1997; Lemaire et al., 1995). These two
highly similar proteins of the paired type homeodomain
family have the ability to activate the entire organizer
genetic network, as ventral injection of mRNA of either one⁎ Corresponding author.
E-mail address: nissimb@cc.huji.ac.il (N. Benvenisty).
1873-5061/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.scr.2012.08.003of them induces a complete secondary axis (Engleka and
Kessler, 2001). Conversely, simultaneous ablation of both
genes causes severe A–P malformations (Bae et al., 2011;
Ishibashi et al., 2008). Siamois and Twin directly regulate the
organizer gene expression, as they were shown to bind the
promoters of both Goosecoid (Bae et al., 2011) and Cerberus
(Yamamoto et al., 2003) — two prominent organizer related
genes. Surprisingly, no orthologue to any of the two was ever
identified outside the amphibians.
In mammals, studies performed primarily on mouse had
shown that the gastrula organizer is divided between two
centers: the anterior primitive streak (APS) on the posterior
side of the embryo, and the anterior visceral endoderm (AVE)
on its anterior (Kinder et al., 2001; Thomas and Beddington,
1996). Ectopic transplantation of the former into mouse or
frog embryos induces secondary axial structures (Beddington,
1994; Blum et al., 1992). However, these fail to include the
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in forebrain formation (Popperl et al., 1997). Molecularly,
both structures are barely distinguishable, as their gene
expression signature is nearly identical.
Due to the scarcity in researchmaterial, very little is known
about the establishment of the human body plan in general,
and about the human gastrula organizer in particular. Human
embryonic stem cells (hESCs) are pluripotent cells derived
from the pre-implantation blastocyst (Thomson et al., 1998).
When allowed to aggregate into embryoid bodies (EBs) they
spontaneously differentiate into progenies of the three germ
layers and thus mimic gastrulation in vitro (Dvash et al., 2004;
Itskovitz-Eldor et al., 2000; Kopper et al., 2010).
Recently, we isolated human gastrula organizer cells derived
from hESCs. Through genetic labeling with eGFP fused to the
GOOSECOID (GSC) promoter, we obtained a population of early
differentiating hESCs that expressed GSC, the canonical
organizer marker (Sharon et al., 2011). A whole transcriptome
microarray analysis of the human organizer cells showed
expression of numerous genes known to be organizer-related
inmodel organisms, alongsidewith genes previously unknown to
partake in this process. Upon transplantation into blastula stage
Xenopus embryos, the GSC–GFP+ cells induced a partial A–P
axis, thus establishing their organizer identity (Sharon et al.,
2011).
In this study, we focused on genes which were differentially
expressed between the GSC–GFP+ and the GSC–GFP–cell
populations. This brought to the identification of DUXO, a
novel gene of the double homeobox family — a protein family
whose members posses two homeodomains. DUXO is expressed
in the human organizer cells, and both its homeodomains share
high similarity with those of Siamois and Twin. Furthermore,
like the two amphibian genes, DUXO regulates the expression of
other organizer related genes, and binds the GSC promoter at a
region conserved between frogs and man.
Results
DUXO is a novel double homeobox gene expressed in
the human gastrula organizer
Using the transcriptome data of the human gastrula organizer
cells, we tried to identify genes with a previously unknown role
in organizer formation. Among the genes identified as highly
expressed in the GSC + cell population, we noticed DOUBLE
HOMEOBOX 4 (DUX4), amember of the double homeobox (DUX)
gene family (Fig. 1A and Supplementary Table 1). This family,
unique to placental mammals, includes transcription factors
that possess two paired type homeodomains (Hewitt et al.,
1994). Although abundant throughout the genome, very little is
known about DUX gene function (Lemmers et al., 2010b). To
study DUX4 role in the human organizer, we chose to clone it
from early EBs induced to form organizer cells by ActivinA.
However, upon cloning the 3′ half of the gene, the obtained
sequence did not match DUX4, but rather mapped to the short
arm of chromosome 3 (chr3p12.3). The region contains an ORF
of 729 bp, with a methionine start codon (ATG), and G
nucleotides at both positions −3 and +4, in agreement with
the Kozak consensus alignment (Kozak, 1996). In silico
translation of the sequence shows a 243 amino acid long
protein with two paired type homeoboxes, which suggests it isindeed a novel transcription factor of the DUX family (Fig. 1B).
Accordingly, we named the gene DUXO (DUX of the Organizer).
Real time PCR showed a DUX gene to be highly expressed in the
GSC–GFP + cells (Fig. 1C), and PCR with primers which
discriminate DUXO from DUX4 and DUX4C confirmed that
DUXO is indeed markedly upregulated in the GSC + organizer
cells (Fig. 1D). Finally, to find out whether the novel mRNA
indeed codes for a functional transcription factor, we cloned
the entire ORF and attached it to a hemagglutinin tag (HA-tag)
at its N-terminus (Supplementary Fig. 1A). When transfected
into hESCs, the clone had indeed generated a protein which
localized to the nucleus (Fig. 1E). Collectively, the data
indicate that the human organizer cells express DUXO, a
novel transcription factor of the DUX family.
DUXO's homeodomains share high similarity with the
homeodomains of the amphibian organizer master
regulators, Siamois and Twin
Human DUX related genomic sequences can be divided into
two subgroups — one shows similarity with DUXA, which
resides on chromosome 19, and the other with DUX4, which
resides on the sub-telomeric D4Z4 repeats on chromosomes 4
and 10 (Lemmers et al., 2010b). Of these, DUXO shares highest
similarity with the latter subgroup, and especially with
DUX4C, a sequence on chr4q35.2 (Fig. 2A). The similarity
goes beyond the gene itself, as both sequences are located
less than 2Kb downstream from an FRG2 related gene (Fig. 2B)
(Bosnakovski et al., 2008). However, the DUXO locus differs
from other DUX4 like sequences in two aspects: first, it does
not reside within a tandem repeat array of DUX like genes, or
near one; and second, most DUX4 like sequences reside in
either subtelomeric or pericentromeric heterochromatin re-
gions (Winokur et al., 1994), while DUXO does not.
Although the mouse genome contains DUX family genes, we
were unable to identify shared synteny between man and mouse
in the DUXO locus. Rather, DUXO is located at the junction of two
human–mouse syntenic regions. Flanking DUXO's locus on human
chromosome 3, the sequence in the telomeric direction shares
synteny with a region on mouse chromosome 6, whereas the
sequence in the centromeric direction shares syntenywithmouse
chromosome 16 (Fig. 2C).
Both of DUXO's homeodomains share very high similarity
with the amino acid sequence of the Xenopus laevis proteins
Siamois and Twin (Figs. 1D, E). In fact, the similarity of DUXO's
homeodomains to each other (71%) is within the range of their
similarity with the homeodomains of the amphibian organizer
master regulators (63%–69%) (Fig. 1D). Notably, the similarity
is even higher in helices III and IV of the homeodomains,
considered to be the determining structure in terms of DNA
recognition by the protein.
DUXO regulates organizer gene expression
DUXO's structural resemblance to Siamois and Twin suggested
it may have a role in the induction of the human organizer,
where it is expressed. To examine the regulatory role of DUXO,
we generated two plasmids with DUXO open reading frame
under the regulation of either the chicken β actin or the CMV
promoters (Supplementary Figs. 1B, C), and transfected them
into H9 and CSES2 hESC lines, respectively. In human EBs
Figure 1 DUXO is a novel double homeobox gene expressed in human gastrula organizer cells. (A) GSC + cells express a DUX gene.
GSC–GFP cells were aggregated into EBs and dissociated after 2 or 3 days. GFP + and GFP − cells were sorted, and RNA expression was
analyzed by hybridization to Gene 1.0 Affymetrix array. A relative heat map of probesets related with DUX4 shows stronger
hybridization in the GSC–GFP + population. (B) DUXO ORF, with nucleic acid sequence and predicted amino acids. First methionine
and stop codon are colored, and homeodomains are boxed in gray. (C, D) GSC–GFP + cells express higher DUXO mRNA levels as shown
by: (C) real time PCR with general DUX primers, and (D) RT-PCR performed with primers designed to discriminate DUXO from the
highly similar DUX4 and DUX4C. Error bars indicate standard error. (E) DUXO is transported to the nucleus, as shown by
immunostaining of hESCs transfected with a plasmid containing a hemagglutinin (HA) tag fused to DUXO.
263DUXO regulates gastrula organizer in human embryonic stem cellsover-expressing DUXO we documented upregulation of GSC and
CER1, the prominent organizer markers, by real-time PCR
(Fig. 3A). We next analyzed the global gene expression in these
clones. When comparing the 200 most highly upregulated
genes in both clones, we detected high overlap (41 out of 200,
pb10−10, hypergeometric distribution) with the 200 genes
most highly upregulated in the organizer cell population we
previously isolated from early differentiating EBs (Sharon et
al., 2011). These included prominent markers of the mamma-
lian organizer, including OTX2, BMP2, CXCR4, HHEX, LGR5 and
GATA4 (Fig. 3B). These results suggest that DUXO induces
differentiation of hESCs into the human organizer cells.Next, we designed an shRNA directed against DUXO's second
homeobox, and introduced it into H9 hESCs. We induced
differentiation by aggregation into EBs, and examined gene
expression after two days. We identified three clones in which
DUXO levels decreased substantially (Fig. 3C). Real time PCR
showed that DUXO knock down (KD) resulted in a dramatic
downregulation of the organizer related genes GSC, CER1,
LHX1 and BRACHYURY (Fig. 3E). We further analyzed the
changes in gene expression using expression microarrays, and
observed a dramatic downregulation in numerous organizer
related genes, including TDGF1, DKK1, NODAL, EOMES, MIXL1
and FOXA2 (Fig. 2D). Among the top 200 genes upregulated in
264 N. Sharon et al.the previously isolated organizer cells, 34 were within the 200
most downregulated after DUXO KD (pb10−10, hypergeometric
distribution).
The downregulation of the organizer related genes was so
extreme, that we speculated DUXO KD resulted in the
elimination of the organizer cells. As the cells of the
organizer contribute to mesendodermal tissues, we decidedA
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265DUXO regulates gastrula organizer in human embryonic stem cellsorganizer progenies, namely, tissues of both endodermal
and mesodermal origin. This was evident by the decrease
in the expression of AFP, FOXA2, HNF4α (endoderm) and
DESMIN (mesoderm) (Figs. 3F, G). The loss of organizer
progenies suggests that DUXO is indeed necessary for organizer
establishment.
The ablation of the mesendodermal progenies of the
organizer was expected to divert the cells within the EB to
an ectodermal fate. Indeed, among the genes upregulated by
DUXO KD in early EBs, we noticed mostly genes related with
neuronal differentiation (Supplementary Fig. 2A). An analysis
of the upregulated neuronal genes showed a marked enrich-
ment for hindbrain markers (DAVID corrected p-value for
“rhombomere 3 development” in top 50 genes is 0.04), such as
HOXA2, HOXB2, EGR2 (KROX20), and MEIS2 (Huang da et al.,
2009; Lumsden and Krumlauf, 1996) (Supplementary Fig. 2B).
No expression of either forebrain or midbrain specific markers
was observed. This suggests that the default route for hESC
differentiation may be the hindbrain.
The effect of DUXO KD on the expression of organizer
related genes is reminiscent of the effect of nodal pathway
inhibition during EB differentiation. To check for a possible
relation betweenDUXO and the TGFβ pathway, we allowed EBs
to differentiate for 2 days in the presence of SB-431542
and IWR-1-endo, inhibitors of the nodal and WNT pathways,
respectively. We then compared the changes in gene expres-
sion due to each treatment with those caused by DUXO KD.
Indeed, inhibition of the nodal pathway showed high correla-
tion with DUXO KD (Pearson correlation 0.58), whereas WNT
inhibition did not (Pearson correlation 0.17) (Supplementary
Fig. 2C). This suggests DUXO acts in relation to the nodal/TGFβ
pathway. It is suggested that the TGFβ andWNT pathways have
somewhat contradicting roles along the primitive streak
(Gadue et al., 2006). Whereas the first promotes anterior
fate, the latter directs cells to a more posterior destination.
The strong correlation between DUXO and TGFβ activities
therefore supports DUXO's role in establishing the anterior
primitive streak. It should be noted, however, that in the
absence of DUXO we observed downregulation of genes along
the entire primitive streak and not only in its anterior, most
noticeable of which is BRACHYURY.DUXO regulates GOOSECOID directly by binding to
its promoter
Previously, Bae et al. (2011) had identified a region in the
X. laevis Goosecoid promoter bound by Siamois and Twin, and
they went further to show this region is conserved betweenFigure 2 DUXO shares similarity with other DUX sequences, and it
alignment of DUXO and DUX4C. In spite of the high similarity betwee
arrangement of DUXO on chromosome 3 vs. that of the DUX4 sequen
telomere; Cent: centromere; homeoboxes are marked in red and
Chr.3p12.3 resides between two regions of shared synteny between
Ensembl genome browser. (D,E) Both of DUXO homeodomains share h
table describing the similarity and the identity (in brackets) betwe
N-terminus and hom2 to the one closer to the C-terminus) and those
of all four homeodomains, letters in dark blue represent identity betw
in light blue represent similarity in amino acid properties. Notice thefrog and man (Bae et al., 2011) (Fig. 4A). A comprehensive
examination identified this conserved sequence in representa-
tives from other vertebrate classes (Fig. 4B and Supplementary
Fig. 3). Based on its similarity to Siamois and Twin, we spec-
ulated that DUXO too may directly regulate GSC expression, by
binding to its promoter. We therefore allowed HA-DUXO hESC
clones (Fig. 1E) to form EBs, and after 2 days of differentiation
we performed chromatin immunoprecipitation (ChIP) analysis
using anti HA tag antibodies. Indeed, in the DNA bound by the
antibody we saw a marked enrichment for the conserved
sequence within the GSC gene promoter (Fig. 4C). This points to
the similarity DUXO shares with Siamois and Twin not only in
terms of sequence homology but also in terms of function, as
both regulate organizer-related genes.Discussion
Based on our previous isolation of cells equivalent to the
human gastrula organizer from differentiated hESCs (Sharon
et al., 2011), we now describe the identification of DUXO, a
novel double homeobox protein. Our results indicate that
DUXO fulfills several criteria that position it as a master
regulator of the organizer: A. It is a nuclear protein specifically
expressed in human organizer cells. B. Its expression may
initiate organizer differentiation, as shown by GSC over-
expression. C. DUXO knockdown results in the attenuation of
the organizer cells and their mesendodermal progenies. D. It
binds the promoter of GSC, a key transcription factor of the
gastrula organizer. E. Its DNA binding domain is highly similar
to that of Siamois and Twin, the two regulators of the frog's
organizer.
In spite of the crucial role these two genes play in the
establishment of the X. laevis organizer, no orthologue to
any of them was ever identified in any other species. Our
study suggests that DUXO may play their role in human
development.
In fact, our work is the first to show a positive role for a
DUX gene in human physiology. DUX genes are unique to
placental mammals, yet very little is known about their role.
In mouse, Kawazu et al. showed that DUXl is necessary for
proper thymocyte development (Kawazu et al., 2007). In
man, DUX4 aberrant expression in muscle tissue causes
facioscapulohumeral muscular dystrophy (FSHD), a late onset
congenital syndrome which causes wasting of the muscles of
the face, shoulders and arms (Gabriels et al., 1999; Lemmers et
al., 2010a; Vanderplanck et al., 2011). Although there are
indications for DUX4 expression in adult tissues (Snider et al.),
DUX4 has no known beneficial function. It is believed, however,s homeodomains are similar to those of Siamois and Twin. (A) An
n the two genes, they differ in several loci. (B) The chromosomal
ces on the sub-telomeric regions of chromosomes 4 and 10. Tel:
repeats are diagramed by cascading boxes. (C) DUXO locus on
man and mouse. Chromosomal arrangements are based on the
igh similarity with the homeodomains of Siamois and Twin. (D) A
en the homeodomains of DUXO (hom1 to the one closer to the
of Siamois and Twin. (E) Alignment of the amino acids sequence
een the DUXO protein and either of the amphibian ones, letters
high similarity shared by the proteins at the 3rd and 4th helices.
Figure 3 DUXO is required for human organizer induction — (A,B) DUXO gene was over-expressed in hESCs, and the cells were
differentiated for two days as EBs. (A) Real time PCR detects upregulation of organizer related genes in the 2 day old EBs
over-expressing DUXO. Gray line represents control expression levels. (B) A relative heat map shows increased expression of organizer
related genes upon DUXO over-expression in early EBs. (C) RT-PCR on clones transfected with shRNA designed to target DUXO shows
markedly reduced DUXO expression levels. (D) A relative heat map shows widespread downregulation of organizer related genes in
early EBs upon DUXO knock down. (E) Real time PCR on 2 day old EBs reveals DUXO knock-down results in a dramatic reduction in the
expression of organizer related genes. (F, G) mature (18 day old) EBs derived from H9 hESCs transfected with shRNA against DUXO.
(F) sh_DUXO mature EBs lack the cystic morphology of control EBs (top). Immunofluorescence on sections from these EBs shows
marked reduction in the level of the hepatic proteins AFP (middle) and HNF4α (bottom). (G) Real time PCR shows DUXO knock-down
results in a substantial downregulation of the hepatic markers AFP and FOXA2 and of the mesodermal marker DESMIN, accompanied
by upregulation of the neuronal marker NESTIN. Gray line represents control expression levels. Error bars represent standard error.
(*)P-value≤0.05, (**)P-value≤0.01, one tailed Student's t-test.
266 N. Sharon et al.
H. sapiens
X. laevis
-261
-105
GSC
0
5
10
15
20
25
CSES2input
p=4X10-3
p=5X10-3
p=2.4X10-5
bound
R
el
at
iv
e 
en
ric
hm
en
t
A
B C
H9
Figure 4 DUXO binds the GSC promoter directly. (A) The Siamois/Twin binding region in the GSC promoter identified by Bae et al.
(2011). (B) The Siamois/Twin binding region in the Xenopus laevis GSC promoter in representatives of major vertebrate phyla — from
top to bottom: human, mouse, opossum, chicken, frog and fish. (C) ChIP was performed on early EBs introduced with the HA-DUXO,
using anti HA antibody. Real time PCR shows DUXO binds to the GSC promoter at the conserved locus, in two hESC lines. Error bars
represent standard error. P-values are given for one tailed Student's t-test.
267DUXO regulates gastrula organizer in human embryonic stem cellsto have a role in early embryonic development or in
spermatogenesis, as it is highly expressed in testis (Snider et
al., 2010). Due to the high similarity between DUXO and DUX4,
it is possible that our findingswill allow better understanding of
the mechanisms underlying FSHD. Still, it should be empha-
sized that we did not detect any DUX4 expression during early
hESCs differentiation, and so our data relate directly only to
DUXO.
The enigma surrounding the DUX genes is further deepened
by their unique arrangement in the human genome. Most DUX
family members are arranged in clusters of tandem repeat
arrays, located in sub-telomeric or peri-centromeric hetero-
chromatic regions (Winokur et al., 1994). Clusters on different
chromosomes are highly similar to each other, yet their shared
origin is unclear (Clapp et al., 2007). This arrangement suggests
that an evolutionary force restricts most DUX genes to poorly
transcribed regions, a notion supported by the deleterious
effect of DUX4 aberrant expression. DUXO, however, does not
reside in such a region, possibly affecting the mechanisms
regulating its expression.
The similarity between DUXO's homeodomains and those
of Siamois and Twin may assist in deciphering the evolution-
ary enigma behind the appearance of the DUX family of
proteins. It was previously shown (Bae et al., 2011) that in
frog, Siamois and Twin form homodimers and heterodimers
on the GSC promoter. This suggests that an extra homeo-
domain, most probably acquired in a duplication event
(Leidenroth and Hewitt, 2010), was not redundant. Rather,
this additional homeobox may affect the way DUX proteins
function as single units, without dimer formation. The
isolation of hESCs-derived human organizer cells has allowed
us to study the early processes that lead to the establish-
ment of the human body plan. The use of hESCs for the
identification of a master regulator of organizer formation,
should pave the way for future discoveries regarding this
crucial aspect of human development.Materials and methods
Cell growth and differentiation
H9 and CSES2 hESCs were cultured using standard procedures
(Schuldiner et al., 2000). In vitro differentiation into EBs was
performed by delicate trypsinization of the cells and replating
them in non adhesive plates (Greiner Bio One, Frickenhausen,
GE). bFGF was withdrawn from the growth media, and factors
were added with the initiation of EBs formation. ActivinA was
purchased from PeproTech (Rocky Hill, NJ) and reconstituted
in PBS containing 2 mg/ml BSA. Final concentration used is
67 ng/μl. SB-431542 was purchased from Tocris Bioscience
(Bristol, U.K) and from Cayman Chemical (Ann Arbor, MI),
and dissolved in DMSO. Final concentration used is 10 μM.
IWR-1-endo was purchased from Cayman Chemical, and
dissolved in DMSO. Final concentration used is 10 μM.
Fluorescent activated cell sorting (FACS) was performed
using the FACSAria Cell-Sorting System (Becton Dickinson,
Franklin Lakes, NJ) after EB dissociation.
Cloning of DUXO
Whole ORF of DUXO was cloned using primers A and B
(Supplementary Table 2), and the reaction was performed
with Herculase. PCR products were cleaned from gel,
adenylated by taq enzyme and cloned into pGEM vector.
The two clones were sequenced using ABI PRISM 3730xl DNA
Analyzer (Applied Biosystems, Carlsbad, CA).
Plasmid generation
Two plasmids were generated to express DUXO constitutively
in hESCs. The first, pCAG-DUXO, expresses DUXO under the
pCAG promoter. We thus used the PCAG-creERT2 plasmid
268 N. Sharon et al.(Matsuda and Cepko, 2007) as a backbone, and replaced the
creERT2 sequence with the complete DUXO ORF between
the EcoRI and NotI restriction sites. The second plasmid,
N1-DUXO, expresses DUXO under the CMV promoter. To
generate it, the DUXO ORF was cut from the previous
plasmid and inserted between the EcoRI and NotI restric-
tion sites of a pEGFP-N1 plasmid — replacing the eGFP
sequence. To generate HA-DUXO PCR was performed on a
template containing three tandem HA-tag repeats, using
primers with tails containing the EcoRI recognition sequence.
The PCR product was then introduced into the EcoRI site of
pCAG-DUXO. To generate PLKO.1-sh-nDUX-2hom, two syn-
thetic single strand DNA sequences were generated (Syntezza,
Jerusalem, Israel). Sense: 5′-CCGGGAGTCCAGGATTCAGATC
TTTCAAGAGAAGATCTGAATCCTGGACTCTTTTTG-3′ and anti-
sense: 5′-AATTCAAAAAGAGTCCAGGATTCAGATCTTCTCTTGAA
AGATCTGA ATCCTGGACTC-3′. The two strands were annealed,
cut with EcoRI and BshTI, and ligated into a PLKO.1 plasmid
backbone.
Transfection and cloning
All plasmids were linearized and then transfected into hESCs
using transit-LT1 (Mirus, Wisconsin) according to the manufac-
turer's instructions. After selection, surviving colonies were
picked manually and allowed to propagate. pCAG-DUXO was
transfected into CSES2 hESCs, and N1-nDUX into H9 hESCs, and
G418 was used for selection. After EB formation, clones were
tested for expression of DUXO and GSC prior to further analysis.
HA-DUXO was transfected into both H9 and CSES2 hESCs,
and G418 was used for selection. PLKO.1-sh-nDUX-2hom was
transfected into H9 cells, and Puromycinwas used for selection.
RNA extraction and expression analysis
Total RNA was extracted using RNeasy Mini or Micro (Qiagen,
Valencia, CA), or with PerfectPure RNA (5 PRIME, Maryland,
USA). RNA was reverse transcribed by random hexamer
priming (Promega, Madison, WI). DUXO specific RT-PCR was
performed using Readymix (Sigma-Aldrich, St. Louis, MO),
with primers C and D (Supplementary Table 2), with annealing
at 60 °C. Due to low cDNA concentrations, two consecutive
reactions were performed. The first reaction included 21 PCR
cycles, and products from this reaction were used as a
template for a second reaction, which included 16–18 cycles.
For the analysis of shRNA effect on DUXO expression, a single
reaction with 33–35 cycles was sufficient. Real-time analysis
of DUXO, AFP, DESMIN and NESTIN expression was performed
using Power Sybr (Applied Biosystems, Warrington, UK) and
primers as described in Supplementary Table 2. GSC, CER1,
GAPDH, UBC and β-ACTIN were analyzed with Taqman
probesets (Applied Biosystems, Carlsbad, CA). At least one of
the last three probesets was used as a housekeeper reference
in each experiment. All real time experiments were performed
with 60 °C annealing temperature, using 7300 Real Time PCR
System (Applied Biosystems, Carlsbad, CA).
Global gene expression analysis was performed using
Affymetrix Gene ST1.0 microarray. Data were normalized
using RMA. Relative heat maps were generated, in which the
color represents the expression level of the gene in each sample
relative to the average expression of the gene in all samples. Foranalysis of DUXOoverexpression data, genes in each experiment
were ranked based on the Δ=Iover expression− Icontrol values
(I stands for probeset read intensity). Genes were then ranked
again, based on the sum of both Δ values for each gene. Lower
rank values thus mean stronger upregulation in the DUXO over
expressing cells.Chromatin immunoprecipitation (ChIP)
Early (2 day old) embryoid bodies from either H9 or CSES2
hESCs stably expressing HA-DUXO were crosslinked with
formaldehyde solution, lysed and their chromatin was
sonicated to fragments of about 200–1000-bp. The chroma-
tin was then pre-cleared using 30 μl of salmon sperm agarose
beads (Upstate Biotechnology, Lake Placid, NY) for 1 hour at
4 °C. Immunoprecipitation was performed overnight using
anti HA antibody (ab9110, Abcam, Massachusetts, USA). The
crosslinking was reversed, and DNA was recovered using a PCR
clean-up kit (Qiagen, Hilden, Germany) or by EtOH precipita-
tion. Eluted DNA fragments were used for quantitative PCR
analysis with primers listed in Supplementary Table 2. As a
reference for determining total DNA levels, Real time PCR was
performed on sequences in the promoter regions of APRT and
Crystallin.Immunostaining
Immunostaining of cryosectioned EBs was performed using
primary antibodies against AFP (generated in mouse) and
HNF4α (generated in goat) (Santa Cruz Biotechnology, Santa
Cruz, CA), at 1:100 dilution. Immunostaining of HA-DUXO
clones in monolayer was performed using antibodies generated
from the 12CA5 hybridoma. Cy3 conjugated antibodies were
used as secondary antibodies at 1:200 dilution, and nuclear
staining was performed with Hoechst 33258 (Sigma-Aldrich, St.
Louis, MO), at a concentration of 1–2 μg/ml. In all cases,
blocking was performed using PBS with 5% skimmed milk
powder, 2% BSA and 0.1% Triton X-100 [5].Acknowledgments
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